Cerebral malaria (CM) is an acute, generally lethal condition characterized by high fever, seizures and coma. The genetic component to CM can be investigated in mouse models that vary in degree of susceptibility to infection with Plasmodium berghei ANKA. Using survival time to measure susceptibility in an informative F2 cross (n ¼ 257), we identified linkage to chromosome 19 (Berr5 (Berghei resistance locus 5), LOD ¼ 4.69) controlling, in part, the differential response between resistant BALB/c and susceptible C57BL/6 progenitors. BALB/c alleles convey increased survival through the cerebral phase of infection but have no quantitative effect on parasitemia during the later, anemic phase. The Berr5 locus colocalizes with three other immune loci, including Trl-4 (tuberculosis resistance), Tsiq2 (T-cell secretion of IL-4) and Eae19 (experimental allergic encephalitis 19), suggesting the possibility of a common genetic effect underlying these phenotypes. Potential positional candidates include the family of Ifit1-3 (interferon-inducible protein with tetratricopeptide repeats 1-3) and Fas.
Introduction
Malaria is a major global health problem with approximately 40% of the world's population living in at risk areas. In Africa, malaria is responsible for 20% of childhood deaths with a cumulative mortality of 1-3 million people each year. 1 The most severe complication of Plasmodium falciparum infection is cerebral malaria (CM). CM is caused by infected erythrocytes becoming trapped in brain microvasculature, leading to an excessive, localized host-driven inflammatory response and resulting in hypoxia, loss of blood-brain barrier (BBB) integrity and cell death. [2] [3] [4] Patients develop seizures, paralysis, ataxia and unrousable coma that often ends in death. The cellular mechanisms of the pathological response are poorly understood and must be better characterized to develop strategies for prevention and treatment of this condition.
The host genetic background has a major effect on response to malaria in humans (reviewed by Kwiatkowski 5 and Mazier et al.
6
). The genetic component of susceptibility to CM is multigenic and further modified by parasite virulence and other environmental determinants. Inbred strains of mice exhibit different responses to P. berghei ANKA (PbA), with susceptible strains such as C57BL/6 (B6) or CBA developing an acute cerebral syndrome within 6-7 days characterized by ataxia, paraplegia, seizures and coma, leading to uniform lethality by day 8-10 after infection. On the other hand, resistant mice including the BALB/c and WLA strains do not develop neurological symptoms but die 2-4 weeks after infection due to severe anemia caused by high levels of blood parasitemia. Current evidence suggests that CM in mice infected with PbA is caused in part by a robust but detrimental localized inflammation in response to parasitized erythrocytes trapped in the brain microvasculature. 2 Transcript profiling experiments have documented a substantial pro-inflammatory response that is more pronounced in susceptible mice. [7] [8] [9] In addition, loss-of-function mutations in genes coding for pro-inflammatory molecules such as interferon-g (Ifng), lymphotoxin (Lta), hemolytic complement (C5a) and interferon regulatory factor 1 (Irf1) have been shown to protect against CM. [10] [11] [12] [13] These observations support the hypothesis of for a central function for immune-mediated pathology in CM, with T cells, platelets and resident macrophages implicated in inflammatory response and tissue injury. [14] [15] [16] Quantitative trait locus (QTL) mapping studies by whole-genome scanning in mice have detected five chromosomal loci affecting the host response to PbA infection. Using survival as a phenotypic trait-an unnamed locus on chromosome 18 in F2 mice derived from susceptible B6 and resistant DBA/2 was first identified. 17 Subsequently, QTLs designated Berr1 (chromosome 1), Berr2 (chromosome 11), Berr3 (chromosome 9) and Berr4 (suggestive linkage to chromosome 4) affecting the presence and severity of neurological symptoms following infection were mapped in F2 mice derived from C57BL/6 (susceptible) and the resistant wild-derived WLA strain. 18, 19 Finally, the Cmsc locus mapping to the H-2 region of chromosome 17 was found to affect susceptibility in progeny of CBA mice crossed with the resistant DBA/2 strain. 20 In all cases, the detected QTLs span large chromosomal segments, and the causative genes underlying their effect on survival time in P. berghei-infected animals have not been identified.
In this study, we have investigated the genetic basis of differential susceptibility of the commonly compared B6 strain and the BALB/c strain to infection with P. berghei ANKA.
Results
We compared the response of the inbred C57BL/6 and BALB/c strains of mice to infection with PbA. B6 were found to be susceptible with the majority of animals dying during the early cerebral phase of infection (Figures 1a and b) . Neurological symptoms and death in these mice occurred while levels of blood parasitemia were o20% (data not shown). Conversely, BALB/c mice were resistant to PbA-induced CM, with 475-80% of the animals surviving the cerebral phase. Surviving mice did not develop any subsequent cerebral symptoms. Instead, they developed high levels of blood parasitemia (460%; data not shown) and died of severe malarial anemia.
CM in susceptible PbA-infected mice has been previously associated with disruption of the integrity of the BBB, 21 which we monitored using a dye extravasation assay (Figure 1c) . Examination of brains from Evan's Blue-injected mice revealed that in B6 mice the entire tissue was dyed blue with several darker foci whereas BALB/c brains showed very little uptake of the blue dye, with levels similar to those seen in uninfected controls (data not shown). These results confirm increased PbAinduced BBB permeability as a distinguishing feature between B6 and BALB/c animals.
To study the genetic complexity of the B6 vs BALB/c differential susceptibility to CM, we infected 257 (C57BL/6 Â BALB/c)F2 mice (CB6F2) with PbA. CB6F2 mice segregated into two groups, with a majority of animals (B75%) dying in the early cerebral phase (before day 13), and the remainder surviving past day 17. The experiment was terminated at day 22 (Figures 2a and b) . All animals dying from early CM (susceptible, CM-S) had low parasitemia (o20%), whereas those dying late (resistant, CM-R; including those killed at day 22) developed high parasitemia (40-90%). In addition, the predictive value of blood parasitemia at day 6 ( Figure 2c ) and serum IFNg levels at day 5 ( Figure 2d ) on overall susceptibility was determined. We observed that CM susceptibility as measured by survival was significantly correlated (P ¼ 0.0001) with both higher early parasitemia values and higher IFNg levels.
A genome-wide scan was carried out on all 257 CB6F2 mice, using 252 informative markers with survival as a marker of CM susceptibility. Both a binary (CM-S vs CM-R) and a parametric model of survival time (twopart model) were used in this analysis that yielded similar results. The two-part model takes into account both the binary trait (probability of survival to the experimental end point) and the approximately normally distributed survival within the cerebral phase (survival time contingent on not reaching the end point). Berr5 in cerebral malaria resistance J Berghout et al peak LOD score was 4.69 (Po0.05) whereas the binary analysis yielded a peak LOD score of 3.51 at the same marker (Po0.05). This locus controlling PbAinduced CM was given the temporary identification Berr5 (Berghei resistance locus 5). The 95% confidence interval for the Berr5 QTL was estimated to be approximately 10-20 Mb (25.6-45.1 Mb based on a 1.5 LOD decrease; 29.3-41.3 Mb using the 95% Bayesian credible interval) ( Figure 5a ). Berr5 was estimated to explain between 5.9 and 8.8% of the phenotypic variance. We also used day 6 parasitemia as a quantitative measure in whole-genome scanning. This analysis revealed a single suggestive linkage peak on chromosome 19 in the Berr5 interval (LOD ¼ 3.35; Figures 3b and c). These results show that Berr5 alleles can affect both early parasitemia and CM susceptibility in CB6F2 mice. This colocalization agrees with the results in Figure 2c , showing an association between day 6 parasitemia levels and CM-associated death.
The effect of Berr5 alleles on the phenotypic markers of CM susceptibility was examined in the CB6F2 mice ( Figure 4 ). Homozygosity for B6 (susceptible) parental alleles at the peak marker was associated with CM-S, with only 9% of these animals surviving the cerebral phase whereas homozygosity for BALB/c (resistant) alleles was associated with increased CM-R and 39% survival through the cerebral phase (Po0.005, KruskalWallis). Heterozygosity was also associated with increased resistance (31% survival), suggesting that resistance alleles at Berr5 are inherited dominantly (Figures 4a  and c) . Similarly, B6-derived susceptibility alleles at Berr5 were associated with higher day 6 parasitemia in CB6F2s when compared with either homozygotes or heterozygotes for BALB/c-derived resistance alleles at Berr5 (Po0.01, t-test; Figure 4b ).
The Berr5 interval spans 25 Mb and contains 167 annotated genes (Supplementary Table A) that could be reduced to 14 Mb and 84 genes by superimposing the linkage peak obtained using day 6 parasitemia (Figure 5a ). We analyzed possible modulation of mRNA expression in response to PbA infection for the genes in the minimal Berr5 interval using transcript profiling information from B6 and BALB/c brains published by Lovegrove et al. 9 Examination of their data showed that the expression of 15 genes within the 95% confidence interval for Berr5 interval are differentially modulated in brain tissue in response to PbA infection and/or in a strain-specific manner (two-way analysis of variance (ANOVA) with a 1.4-fold cutoff, Bonferroni correction). Figure 5b compares the level of expression of these genes in B6 and BALB/c in response to infection (presented as a ratio compared to levels in uninfected BALB/c controls). Of particular interest are the three members of the interferon-induced protein with tetratricopeptide repeats (TPRs; Ifit) gene family. By microarray, these three genes show a dramatic upregulation (between 8-and 30-fold) in infected B6 brains compared to BALB/c. To confirm this observation, we performed semiquantitative reverse transcription (RT)-PCR for Ifit1-3 ( Figure 6 ), which verified significant differential induction of the genes controlled by strain-specific genetic factors over the course of infection. In addition, the tumor necrosis factor (TNF) receptor family member-encoding gene, Fas, maps within the Berr5 interval. These two groups of genes constitute excellent candidates for the Berr5 effect, and thus to explain the differential host response of the B6 and BALB/c strains.
Discussion
CM is a complex pathology that involves interactions between host genetics, the Plasmodium parasite and the type and magnitude of the host response to infection (reviewed by Haldar et al. 23 ). Although CM symptoms may appear while levels of blood parasitemia are still low, host-driven inflammatory response at the site of infection in the form of increased pro-inflammatory mediators (TNFa, IFNg), has been proposed to contribute to CM pathology (reviewed by Hunt and Grau 24 ). Genetic studies in humans have shown that functional promoter polymorphisms affecting the level of expression of TNFa mRNA can affect the incidence of CM in field studies. 25 Likewise, studies in the PbA mouse model of CM have shown that loss-of-function mutations in proinflammatory molecules or their receptors have protective effects against CM. 12, 26 Here, we have studied the differential susceptibility of inbred mouse strains B6 (CM-S) and BALB/c (CM-R) to PbA-induced CM. We have identified a locus on chromosome 19 that we have designated Berr5, which influences both survival time (two-part model; LOD ¼ 4.69) and the early (day 6) blood parasitemia levels (LOD ¼ 3.35). Although maximum LOD scores are obtained for both phenotypes with the same marker (CEL-19_32349880), the strength of the linkage is greater when survival is used as the marker of CM susceptibility. In both cases, B6-derived Berr5 alleles are associated with increased susceptibility among the CB6F2s. The weaker linkage observed when using parasitemia as a quantitative trait may be the result of the fairly narrow numerical range for this trait, and the asynchronous aspect of the rise of blood parasitemia in infected mice. Therefore, it is possible that survival and parasitemia may be influenced by the same gene but with different penetrance/ expressivity or differences in ascertainment for the two traits. It is also possible that both traits are influenced by distinct but closely linked genes. Additional experimentations will be required to distinguish the two possibilities. Nevertheless, the fact that Berr5 alleles appear to influence both early parasitemia and early death merits further discussion. One explanation would be that Berr5 influences the extent PbA replication early during infection, with a threshold effect triggering cerebral symptoms and early death. Although possible, this explanation is incompatible with the observation that all mice surviving the cerebral phase go on to develop high parasitemia without CM. A second explanation would be that Berr5 has little effect on the early rate of replication, but rather influences the host response to rising parasitemia. In this case, host inflammatory response would be proportional to the extent of early parasitemia (for example, measured at day 6), and would be associated with CM in mice homozygous for B6 alleles at Berr5 at a much higher rate than mice carrying the BALB/c allele. Finally, it is possible that Berr5 haplotype somehow influences the balance between the beneficial and immunopathological effects of the early inflammatory response.
There are a total of 167 positional candidates in the estimated genetic interval for Berr5. The information in Supplementary Table A shows that 46 of these genes are expressed in the brain and 27 in the hemolymphoid system (22 expressed in both; Mouse Genome Informatics Gene Expression Database; http://www.informatics.jax. org/expression.shtml), two systems known to be involved in CM. Examination of transcript profiling data 9 revealed strain-specific factors and/or PbA infection regulated the expression of 15 of these 167 genes ( Figure 5 ; 1.4-fold threshold). When analyzing both the absolute level of infection-induced modulation, and interstrain differences in this modulation between B6 (CM-S) and BALB/c (CM-R), most differences are modest, with the notable exception of the Isg56/Ifit gene family (Isg56/Ifit1, Isg54/ Ifit2 and Isg49/Ifit3) that were much more highly upregulated in B6 mice. The Ifit gene family has three members in mice and four members in humans, each clustered on small chromosomal segments, likely having arisen by two successive gene duplication events. In the mouse, the three Ifit genes are each organized into two exons and code for highly similar proteins. 27 Ifit proteins are highly hydrophilic cytoplasmic proteins 28 containing multiple TPR motifs that represent degenerate protein interaction modules. All three mouse Ifit genes show two functional interferon-stimulated response element motifs in their proximal promoters (À60 to À100 position), which have a critical function in the regulation of mRNA expression. 27 Expression of Ifit genes is part of an early response to infectious agents or products derived from them, and can be induced by many stimuli including viral infection (Sendai virus, herpes simplex virus, human cytomegalovirus, West Nile virus), double-stranded RNA, type I interferon (a, b), lipopolysaccharide (LPS), Toll-like receptor ligands and several others. 29 Their molecular function is not fully understood, but they have been reported to inhibit translation by binding to subunits of the eIF3 complex. 29 In addition, it has been shown that overexpression of Ifit2 in mouse macrophages (RAW264.7) modulates LPS-induced expression of TNFa, interleukin-6 (IL-6) and MIP-2. 30 These data suggest that Ifit proteins may have a function in early host response to different types of infection, which supports the possibility that they may be responsible for the Berr5 effect on CM.
Also mapping within the Berr5 interval is the Fas gene. Although the differences in Fas mRNA levels noted were not as impressive as those noted for Ifit genes, the known functions of the Fas protein (member of the TNF-receptor superfamily) in inflammation and the pathogenesis of various malignancies of the immune system make it an attractive positional candidate for the Berr5 effect. 31 Hypomorphic Fas lpr mouse mutants show increased resistance to PbA-induced CM indicating a pathological function for this molecule. 32 We have noted lower Fas RNA expression in PbA-infected brains from BALB/c (CM-R) compared with B6 (CM-S) ( Figure 5 ). Interestingly, a functional promoter polymorphism (rs50344448; pst À375) has been detected in the mouse Fas gene: B6 carries an A at that position whereas BALB/c carries a Mice homozygous for the C57BL/6 allele (91%) were CM-S, whereas only 61% of mice carrying the BALB/c allele were CM-S (Po0.0001, w
-test).
Berr5 in cerebral malaria resistance J Berghout et al G. The latter allele alters a putative AP-1 binding site 33 and reduces Fas mRNA expression. Finally, Berr5 overlaps three previously mapped loci affecting host response to infectious or inflammatory stimuli (Figure 5a ). The Trl-4 (tuberculosis resistance; 41-52 cM) locus affects susceptibility to pulmonary tuberculosis and modulates replication of Mycobacterium tuberculosis in the lungs of (C57BL/6 Â DBA/2)F2 mice.
34
B6 alleles at Trl-4 are associated with increased resistance to infection in the form of a robust early immune response to a mounting bacillary load. Another QTL overlapping Berr5 is the Tsiq2 (T-cell secretion of IL-4) locus (24-43 Mb) that regulates the capacity of spleen CD4 þ T cell to secrete IL-4 in response to stimulation. 35 BALB/c alleles at Tsiq2 are associated with high IL-4 production (Th2 polarization of early T-cell response) whereas B6 alleles are associated with lower IL-4 production (pro-inflammatory, Th1 polarization). Th1 response is characterized by expression of pro-inflammatory mediators including IFNg, TNFa, lymphotoxin and IL-12 all previously implicated in CM immunopathology. 12, 36, 37 In contrast, IL-4-driven Th2 response is associated with low-level expression of pro-inflammatory cytokines but elevated levels of IL-4, IL-6, IL-10 and TGF-b, which are thought to have an immune-regulatory, Trl-4 34 and Berr5 (this study). The interval mapped using survival is indicated with a black box whereas the suggestive interval determined using day 6 parasitemia is marked in the stippled box. The marker that gave the strongest linkage for all analysis (CEL-19_32349880) is also plotted. Berr5 in cerebral malaria resistance J Berghout et al protective function against CM. 24, 35, 36 It is interesting to speculate that, by analogy with Tsiq2, Berr5 may modulate CM susceptibility by altering the Th1/Th2 balance after infection with PbA. The third overlapping QTL (Eae19 (experimental allergic encephalitis 19); 26-53 cM) affects the severity of EAE that is used as a mouse model of multiple sclerosis, a known inflammatory disease of the central nervous system (CNS). Eae19 (26-53 cM) is specifically associated with brain demyelination in response to injection of heterologous CNS homogenates, a process thought to involve inflammatory cytokines, demyelinating antibodies and apoptosis of affected cells. 38 It is interesting to speculate that Trl-4, Tsiq2, Eae19 and Berr5 may be pleiotropic manifestations of the same gene effect. The formal identification of the gene responsible for Berr5 and associated QTLs on this portion of chromosome 19 will involve the creation and characterization of congenic and subcongenic lines to narrow down the physical interval of Berr5, as well as the formal evaluation of positional candidates, including the creation and testing of loss-of-function mutations in vivo.
Materials and methods

Animals
Pathogen-free, 8-to 10-week-old inbred C57BL/6 (B6) and BALB/c mice were purchased from Charles River Laboratories (Wilmington, MA, USA). 257 (C57BL/6 Â BALB/c)F2 progeny (CB6F2) were bred by systematic brother-sister mating of (C57BL/6 Â BALB/c)F1 progenitors (Charles River Laboratories). All animal experiments were carried out according to Canadian Council on Animal Care guidelines and approved by the Animal Care Committee of McGill University.
Parasite and infection P. berghei ANKA was obtained from the Malaria Reference and Research Reagent Resource Centre (MR4) and maintained as frozen stocks at À80 1C that were passaged in B6 mice before use in infection. All experimental mice were injected intraperitoneally with 5 Â 10 4 parasitized red blood cells. Daily blood parasitemia was determined on Diff-Quick (Dade Behring, Newark, DE, USA) stained thin blood smears. Neurological symptoms and survival were monitored and CM was diagnosed by the presence of ataxia, weak gripping and righting responses, paralysis, seizures and coma between days 6 and 10. Serum was collected at day 5 after infection from all CB6F2s and IFNg levels were measured using a commercial enzyme-linked immunosorbent assay kit (eBiosciences, San Diego, CA, USA).
Evan's Blue dye extravasation assay To examine BBB permeability during infection in vivo, we injected control and PbA-infected C57BL/6 and BALB/c mice (at day 8 after infection) intraperitoneally with 0.2 ml of 1% Evan's Blue dye (E2129; Sigma-Aldrich, Oakville, ON, Canada) in phosphate-buffered saline (PBS). Ninety minutes later, mice were killed by CO 2 inhalation, perfused with PBS and brains were harvested and photographed.
Genotyping
All 257 CB6F2 mice were genotyped at the McGill University and Genome Quebec Innovation Centre (Montreal, QC, Canada) using the low-density Illumina GoldenGate mouse panel that contained 246 informative markers distributed across the genome. Fine mapping and filling gaps larger than 40 Mb was carried out using microsatellite markers obtained from the Mouse Genome Informatics Database (www.informatics.jax.org). 39 
Data analysis
Survival of CB6F2 mice was analyzed by the KaplanMeier log-rank test and survival fractions were compared using the w 2 statistic (GraphPad Prism 5, San Diego, CA, USA). Blood parasitemia and serum IFNg levels were analyzed using ANOVA, followed by a Bonferroni post hoc test. LOD scores were calculated with R/qtl software version 2.7.0 using survival time as a phenotype. Because the data were not normally distributed, we used the two-part model 22, 40 that was developed for phenotypes with a spike in the distribution. This method has been used to analyze similar data sets. 19 Data were also analyzed using the binary model, segregating mice into two categories based on survival past day 13. The cutoff used for genome-wide significance (Po0.05) was 4.19 for the two-part model and 3.50 for the binary model based on 1000 permutations.
Microarray analysis
Gene expression data sets published by Lovegrove et al. 9 were downloaded (GEO database; record GSE7814) and analyzed with the GeneSifter software package. These transcript profiles correspond to total brain RNA from B6 and BALB/c mice at day 0, 1, 3 and 6 after PbA infection, which had been hybridized to Affymetrix GeneChip Mouse Genome 430A 2.0 Array chips (Affymetrix, Santa Clara, CA, USA). Expression was compared using twoway ANOVA with a 1.4-fold cutoff, Bonferonni and Hoch correction. In the Berr5 interval, 15 genes showed a difference in expression level due to either strain-specific variation or over the course of infection. Ten genes (Ifit1, Ifit2, Ifit3, Cd274, Ch25h, Blnk, Fas, Il33, Cutc and Vldlr) were regulated by the interaction of genetic background and infection. Genes that were differentially regulated between strains either during infection (day 6) or at basal levels (day 0) were sorted according to chromosomal location to identity positional candidates.
Semiquantitative RT-PCR Uninfected control and day 6 PbA-infected C57BL/6 and BALB/c mice were killed and brains were harvested. RNA from four replicate brains was pooled and 2 mg of the pooled sample was reverse transcribed using oligo d(T) and MMLV RT (Invitrogen). PCR amplification of target genes was carried out using Taq DNA polymerase (Invitrogen, Burlington, ON, Canada) with 5 min denaturing (94 1C) and 24 cycles amplification (30 s denaturing at 94 1C, 30 s annealing at 55 1C and 30 s extension at 72 1C) with a final 7 min extension. The RT-PCR primers used were as follows: Ifit1, 5 0 -CAGAAGCACACATT GAAGAA and 3 0 -TGTAAGTAGCCAGAGGAAGG; Ifit2, 5 0 -GGGAAAGCAGAGGAAATCAA and 3 0 -TGAAAGT TGCCATACAGAAG; and Ifit3, 5 0 -GCCGTTACAGGG AAATACTGG and 3 0 -CCTCAACATCGGGGCTCT. Relative gene expression was quantified using Quantity One software following overnight hybridization of a [a-
32 P]dATP-labeled probe specific for each amplicon as described by Marquis et al.
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